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(54) Title: SUBMERGED MEMBRANE BIOREACTOR FOR TREATMENT OF NITROGEN CONTAINING WATER 
(57) Abstract 

A single tank submerged 
membrane biorcactor for treat- 
ing feed water having unaccept- 
able levels of ammonia or total 
nitrogen has both a membrane 
scouring bubble supply and an 
oxygenating bubble supply. The 
membrane scouring bubble sup- 
ply continuously provides large 
scouring bubbles to clean the 
membranes. Penneate is con- 
tinuously withdrawn from the 
membranes at a high rate but 
the large scouring bubbles do 
not transfer sufficient oxygen to 
the mixed liquor to create aer- 
obic conditions in the reactor. 
The oxygenating bubble supply 
is operated to provide small bub- 
bles of air or oxygen that inter- 
mittently produce aerobic condi- 
tions in a significant part of the 
mixed liquor. Alternating aer- 
obic and anoxic conditions oc- 
cur in a significant portion of the 
tank suitable for nitrification and 
denitrification. The level of dis- 
solved oxygen (DO) or oxygen 
reduction potential (ORP) in the 

SSllimurtl^Tnm^te^ determines when the oxygenating bubble supply will be turned on or off between set minimum and 
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SUBMERGED MEMBRANE BIOREACTOR FOR TREATMENT OF NITROGEN CONTAINING WATER 

5 nELD OF THE INVENTTOIM 

This invention relates to a process and apparatus for treating 
municipal, industrial, agricultural or other wastewater feeds in a 
submerged membrane bioreactor. Specifically, the invention concerns 
10 the removal of ammonia and total nitrogen in a single tank submerged 
membrane bioreactor through the processes of nitrification and 
denitrification. 

BACKGROUND OF THE TNIVFMTTn^ 

15 

Excessive nitrogen is often introduced into the environment 
through the discharge of municipal, industrial, agricultural and other 
wastewaters. Such wastewater feeds contain organic nitrogen primarily 
in the form of proteins and ammonia. During wastewater treatment, 
20 ammonia and other sources of total nitrogen are partially oxidized to 
produce nitrites and nitrates which can be hazardous to the 
ehvirorunent. For example, discharging excessive amounts of total 
nitrogen into rivers and lakes contributes to their eutrophication which 
is characterized by frequent algal blooms and reduced levels of free 
25 oxygen available to plants and fish. Recently, many jurisdicHons have 
started to regulate the amotmts of total nitrogen and ammonia that may 
be discharged from wastewater treatment plants. 

To remove ammonia and total nitrogen from wastewater, bacteria 
in a bioreactor are used to alternately nitrify and denitrify the water. 
30 During nitrification, a two step process converts ammonia into nitrites 
and nitrates. Firstly, bacteria primarily of the genus Nitrosomonas 
oxidize the ammonia and convert it to nitrite. Secondly, bacteria 
primarily of the genus Nitrobacter oxidize the nitrite and convert it to 
nitrate. Since oxidation occurs in both steps of the lutrification process, 
35 an aerobic environment is required. During denitrification, nitrate is 
converted to ammonia and nitrogen gas by other bacteria (which could 
include the bacteria mentioned above after they have switched 
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functions) and fungi which remove oxygen from the nitrate. Anoxic 
conditions are needed to encourage the growth of such bacteria. After 
denitrification, the nitrogen gas leaves the process and joins the 
atmosphere and the ammonia is treated by further nitrification and 
5 denitrification steps. By cycling back and forth between nitrification and 
denitrification steps, or aerobic and anoxic conditions in the bioreactor, 
nitrogen continuously leaves the water reducing the levels of total 
nitrogen and ammonia in the wastewater. 

Submerged membrane bioreactors have been used to remove 

10 biological oxygen demand (BOD) and suspended solids from wastewater 
streams but they are difficult to use under anoxic conditions. A 
membrane bioreactor typically comprises a plurality of ultraporous or 
microporous membranes submerged in a tank of wastewater with 
suction applied to one side of the membranes. Clean water permeates 

15 through the membrane walls but bacteria and suspended solids are 
rejected by the membranes and remain in the tank to be biologically 
treated. To prevent pollutants in the tank from rapidly fouling the pores 
of the membranes, the membranes are typically kept awash in air 
bubbles. Without aeration, the membranes would quickly fotd and lose 

20 their permeability, but the aeration prevents anoxic conditions and 
denitrification from occurring in the membrane bioreactor. 

Multistage systems have been used to provide both aerobic and 
anoxic conditions for nitrogen treatment. In these systems, an aerated 
membrane bioreactor is used to provide an aerobic environment sxiitable 

25 for digesting BOD and nitrifying ammonia. A second bioreactor, without 
a membrane, provides an anoxic environment for denitrifcation and 
partially treated wastewater (mixed liquor) continually flows between the 
two tanks. These systems are undesirable in many applications because 
the cost and space required for the second tank and mixed liquor transfer 

30 apparatus is prohibitive. 

Nitrogen has also been treated in commercial applications in a 
single tank membrane bioreactor where the oxygen content in the 
bioreactor is varied to produce alternating aerobic and anoxic conditions. 
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In these systems, permeation through the membranes typically stops 
during the anoxic phase to avoid membrane fouling in the absence of 
membrane aeration. The loss of permeation during the anoxic phase 
significantly reduces the daily yield of filtered permeate through the 
5 membranes and is a disadvantage of these systems. 

Japanese Patent Application No. HE I 5-220346 discusses a system 
combining the single tank and multistage systems described above. The 
system has an anoxic tank for denitrification and a membrane bioreactor 
for nitrification and digesting BOD with mixed liquor recirculating 

10 between them. Filtered effluent is permeated through submerged 
membranes filters in the membrane bioreactor. If the rate of 
denitrification in the anoxic tank is insufficient, the air supply to the 
membrane bioreactor is discontinued, to bring the tank into anoxic 
conditions. However, when the air supply to the membrane bioreactor is 

15 disconnected, permeation through the submerged membrane filter is 
also stopped to prevent membrane fouling. Again the average yield of 
the system is compromised. 

Japanese Patent Application HI 6-181645 describes a single tank 
membrane bioreactor for treating nitrogen which is cycled between 

20 aerobic and anoxic conditions by alternately turning an air supply to the 
membranes off and on. In one embodiment, an attempt was made to 
continue to permeate effluent through the membranes during the anoxic 
phase. Each anoxic phase was started with a minimum level of mixed 
liquor in the bioreactor and the level of mixed liquor was allowed to rise 

25 to a maximum level by the end of the anoxic phase so that a reduced 
amount of permeate could be withdrawn during the anoxic phase. The 
yield of the system was reduced because permeate was not withdrawn at 
the full rate during the anoxic phase and yet it was found that the 
membranes still fouled quickly. In another mode of operation, aeration 

30 was again used during an aerobic period and then stopped to allow an 
anoxic phase to begin. Permeation through the membranes was stopped 
at the beginning of the anoxic phase but resumed after the mixed liquor 
had settled to the bottom of the bioreactor. With this method, the time 
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needed to allow the mixed liquor to settle undesirably reduces the 
frequency at which the reactor can be switched between anoxic and 
aerobic phases and the system yield is still reduced because permeation 
stops during the settling period. 

5 

SUMMARY OF THE INVENTION 

It is an object of the invention to provide a simple and cost 
effective membrane bioreactor that produces a high yield of water having 
10 acceptable levels of nitrogenous compounds. In particular, it is an object 
of the invention to provide a single tank membrane bioreactor which 
can be cycled between primarily anoxic and aerobic conditions without 
stopping or reducing the rate of permeation during the anoxic phase. 

To accomplish these and other objects, the present invention is 
15 directed at an apparatus for treating feed water with pollutants 
containing nitrogen in a bioreactor having: 

(a) a tank for holding mixed liquor to be treated; 

(b) a feed water inlet to the taiJc; 

(c) at least one membrane having a first side in fluid 
20 communication witti mixed liquor in the tank and a second side in fluid 

communication with a header; 

(d) a source of negative pressure to the header; 

(e) a membrane scouring bubble supply; and, 

(f) an oxygenating bubble supply actuatable between on and off 

25 states. 

The invention is further directed at a process wherein the 
membrane scouring bubble supply, located below the membrane or 
membranes, continuously provides large scouring bubbles to clean the 
membranes. Treated water is permeated through the membranes 
30 continuously at a high rate of yield but the large bubbles do not transfer 
sufficient oxygen to the feed water to create aerobic conditions 
throughout the reactor. The large scouring bubbles create an airlift effect 
which causes a recirculation pattern in the mixed liquor but oxygen is 
depleted from the mixed liquor or diluted as the mixed liquor travels 



. wo 00/37369 PCT/CA99/01205 

5 

away from the membranes. The concentration of dissolved oxygen is 
reduced in a region below or adjacent to the bottom of the membranes, 
and at least this region is anoxic when air is supplied by the scouring 
bubbles alone. If necessary, the large scouring bubbles are captured in a 
5 hood after they have scoured the membranes to provide an oxygen lean 
source of further scouring bubbles. 

The oxygenating bubble supply is operated intermittently and 
provides small bubbles of air or oxygen to intermittently produce aerobic 
conditions in at least part of the tank. Minimiom and maximum periods 

10 of aeration and non-aeration through the oxygenating bubble supply are 
preselected but the level of dissolved oxygen (DO) or oxygen reduction 
potential (ORP) in the tank is measured by sensors and assists in 
controlling the aerating bubble supply. In particular, a period of aeration 
is terminated if it is within the time limits and the level of DO or ORP in 

15 the tank exceeds a maximum value and a period of non-aeration is 
terminated if it is within the time limits and the level of DO or ORP in 
the tank drops below a minimum value. 



20 



BRIEF DESCRIPTION OF THE DRAWINGS 

A preferred embodiment or embodiments of the invention will 
now be described below with reference to the following Figures: 

Figure 1 is a representation of an apparatus according to an 
embodiment of the invention. 
25 Figure 2 is a flow chart showing a method of controlling the 

apparatus according to an embodiment of the invention. 

Figures 3, 4 and 5 are graphs showing the results of experiments 
conducted with an embodiment of the invention. 

Figures 6 and 7 are graphs showing the results of experiments 
30 conducted with another embodiment of the invention. 

Figures 8, 9, 10 and 11 are graphs showing the results of 
experiments conducted with another embodiment of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 
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Referring now to Figure 1, shown therein is a reactor 10 made in 
accordance with a preferred embodiment of the invention. The reactor 
10 has a tank 12 which is initially filled with feed water 13 through an 
5 inlet 42 and a feed valve 40. The feed water 13 is typically propelled to 
the tank 12 from a reservoir not illustrated through a screened grinder 
pump also not illustrated, although the feed water 13 may also be 
delivered to the tank 12 by gravity flow depending on the arrangement of 
the treatment plant. Once in the tank, biological processes alter the feed 

10 water 13 and it is referred to as mixed liquor 15. A membrane module 16 
mounted in the tank 12 has upper and lower headers 18 in fluid 
communication with the lumens 20 of hollow-fibre membranes 22. The 
tank 12 is kept filled with mixed liquor 15 to a water level 14 which is 
above the level of membranes 22 by controlling feed valve 40 to add feed 

15 water 13 as necessary. 

The membranes 22 preferably have an average pore size between 
0.01 microns and 10 microns and more preferably have an average pore 
size between 0.02 microns and 1 micron. Suitable membranes include 
those manufactured by Zenon Environmental Inc. and sold under the 

20 ZEEWEED trade mark but other submerged outside-in membranes may 
be used such as those manufactured by Mitsubishi Rayon or Kubota. The 
membrane module 16 is preferably placed in the tank 12 at least 15 cm 
and less than 4.5 m, and more typically between 0.3 m and 1.3 m, from 
the bottom of the tank 12 to allow fluid to reach the bottom of the 

25 membrane module 16. The membrane modules 16 may be located in the 
middle of the tank 12 or along one wall of the tank 12. 

Water is permeated continuously through a permeate line 24 
joining a permeate pimip 23 to the headers 18. Suction created by the 
permeate pump 23 creates a traiismembrane pressure across the walls of 

30 the membranes 22. The membranes 22 reject bacteria or suspended 
solids but allow filtered permeate 26 to permeate through the walls of the 
membranes 22 from a first side, the outsides, to a second side, the limiens 
20. The filtered permeate 26 is stored in a permeate tank 28 and later 
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released through a permeate outlet 27. A backwash pump 29 is used to 
periodically pump permeate 26 back through the membranes 22 in a 
reverse direction for additional cleaning but the time required for such 
backwashing is minimal and the process is still considered to be 
5 continuous. 

A scouring bubble supply 30 has a membrane aerator 31, a 
membrane air pump 34 and a membrane air line 36. The membrane 
aerator 31 is located below and in close proximity to the membrane 
module 16 and delivers scouring bubbles 32 to the membrane module 16. 

10 The scouring bubbles 32 are preferably made of air and more preferably of 
oxygen depleted air supplied from the membrane air pump 34 through 
the membrane air line 36. The scouring bubbles 32 rise upwards through 
the membrane module 16 and inhibit fouling of the membranes 22. The 
scouring bubbles 32 also create an air Uft which mixes and recirculates the 

15 mixed liquor 15. 

The scouring bubbles 32 have an average diameter preferably 
between 5 mm and 20 mm. At this size, the scouring bubbles 32 flow 
rapidly through the membranes 22 to provide effective cleaning but little 
time for oxygen to be transferred to the mixed liquor 15. Large scouring 

20 bubbles 32 have a reduced ratio of surface area to volume compared to 
small bubbles which further inhibits oxygen transfer. In addition, large 
scouring bubbles 32 tend to reach the surface of the mixed liquor 15 and 
burst whereas smaller bubbles more often become entrained in the 
recirculating mixed liquor 15. 

25 Optionally, a bubble collector 37 located above the membrane 

module 16 and coimected to the membrane air pump 34 through a gas 
line 38 collects scouring bubbles 32 for reuse. Since many biological 
processes occurring in the mixed liquor 15 use oxygen, the re-used 
scouring bubbles 32 have reduced oxygen content. 

30 Under the influence of the scouring bubbles alone, the mixed 

liquor 15 is maintained imder anoxic conditions throughout most of the 
tank 12, which enables appropriate bacteria to grow to cause 
denitrification of the mixed liquor 15. It is not necessary that all parts of 
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the tank 12 be anoxic for sufficient denitrification to occur. The scouring 
bubbles 32 create an airlift effect which causes the mixed liquor to move 
in a recirculation pattern 100 in the tank 12. As the mixed liquor 15 
moves away from the membrane module 16, dissolved oxygen is 
5 depleted and diluted so that the concentration of dissolved oxygen in the 
mixed liquor 15 is reduced. In at least one area or region of the tank 12, 
the mixed liquor 15 is anoxic when air is supplied by the scouring bubbles 
alone. This anoxic region typically occurs below or adjacent to the 
bottom of the membrane module 16, but may also extend upwards to an 
10 area beside the membrane module 16. The area immediately 
surrounding the membrane module 16 is less likely to be anoxic than 
other parts of the tank 12 but is sufficiently small that the supply of 
scouring bubbles 32 need not be compromised to produce anoxic 
conditions there. For example, a typical flux of air for scouring bubbles 
15 may be between 0.8 and 2.1 m3/h (at standard temperature and pressure) 
per square metre of membrane surface area. Using the techniques 
described below if necessary, it is not typically necessary to depart 
significantly from typical ranges of scouring air flux. 

Anoxic conditions occur when there is less than 0.5 mg/L of 
20 dissolved oxygen (DO) in the mixed liquor 15. Preferably, there is less 
than 0.2 mg/L of DO in a substantial part of the mixed liquor 15 although 
the concentration of DO may vary in the tank 12, some anoxic areas being 
near 0.05 mg/L of DO and others being near 0.5 mg/L DO. The 
calculation of the amoimt of oxygen that can be added by the scoxuing 
25 bubbles 32 to maintain the desired level of DO concentration will be 
apparent to those skilled in the art and may vary for different 
installations. Generally, the calculation involves multipljring the 
volimie of the mixed liquor 15 by the desired concentration of DO to get a 
total permissable amount of oxygen and then comparing oxygen sources, 
30 such as oxygen introduced by the feed water 13 or dissolving into the 
mixed liquor 15 at the top of the tank 12, with oxygen losses such as use 
by the organisms in the mbced liquor 15 dviring the anoxic phase. Once 
the maximum amoxmt of oxygen that can be added by the scouring 
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bubbles 32 is known, it is preferably met for a given tank 12 by increasing 
the size of the scouring bubbles 32 as necessary or increasing the 
concentration of microorganisms which use oxygen in the mixed liquor 
15 and less preferably by using the collector 37 to recycle oxygen depleted 
5 air. 

In addition to manipulating the reactor 10 as described above, the 
size and configuration of the tank is effectively used to achieve anoxic 
conditions despite the scouring bubbles 32. Increasing the total size of the 
tank 12 provides a greater volume of mixed liquor 15 and thus reduces 

10 the increase in concentration of DO which results from oxygen 
transferred from the scouring bubbles 32. However, a large tank is more 
expensive and merely increasing the size of the tank is not preferred. 
Preferably, the tank 12 remains within the size range of ordinary 
membrane bioreactor tanks but the membrane module 16 is placed near 

15 the top of the tank 12. Scouring air bubbles 32 largely burst at the surface 
and infrequently travel to the area beneath the membrane module 16. A 
deep tank, relative to the height of the membrane module 16, is 
preferable to maximize this effect. Alternatively, baffles can be provided 
below the membrane module 16 to partially isolate an area near the 

20 bottom of the tank which is minimally effected by the recirculation of 
mixed liquor in the tank 12 until aerated as will be described further 
below. 

Since the feed water 13 first entering the tank 12 is high in 
ammonia and should first be nitrified, it is preferable if the inlet 42 

25 directs the feed water 13 to enter the tank 12 directly over the membrane 
module 16. Although the inlet 42 may satisfactorily direct the feed water 
13 to any other part of the tank 12, by dumping it over the membrane 
module 16, oxygen is removed from the scouring bubbles 32 and the feed 
water 13 is partially nitrified even if the mixed liquor 15 is in a 

30 substantially anoxic condition. 

As described above, anoxic conditions and denitrification occur in 
a substantial portion of the mixed liquor 15 when under the influence of 
scouring bubbles 32 alone. However, at least a significant part of the 
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mixed liquor 15 must cycle back and forth between anoxic and aerobic 
conditions so that nitrification can also occur. Further, BOD is partially 
removed under anoxic conditions but is more quickly removed under 
aerobic conditions. 

5 To produce aerobic conditioiis, the reactor 10 has an independent 

oxygenating bubble supply 47 which can be controlled to produce 
alternating aerobic and anoxic conditions in at least a significant part of 
the mixed liquor 15. The oxygenating bubble supply 47 has a process 
aerator 48 which produces oxygenating bubbles 50 with air or oxygen 

10 supplied from a process air pump 52 through a process air line 54. If the 
membrane module 16 is located at one side of the tank 12, then the 
process aerator 48 is preferably located at the bottom of the tank 12 on the 
opposite side from the membrane module 16. If the membrane module 
16 is located in the centre of the tank 12, then the process aerator 48 is 

15 preferably located at the centre of the bottom of the tank 12. 

Aerobic conditions suitable for nitrification and rapid BOD 
digestion are achieved in a significant portion of the mixed liquor 15 by 
turning on the oxygenating bubble supply 47. The mixed liquor is 
considered to be aerobic when the concentration of DO is greater than 0.5 

20 mg/L although the concentration of DO in an aerobic zone is preferably 
between 0.5 mg/L and 5.0 mg/L for aerobic digestion and nitrification 
and more preferably between 0.5 mg/L and 2.5 mg/L. The oxygenating 
bubbles 50 are preferably small, with an average diameter between 0.5 
nun and 5.0 mm, to provide an efficient transfer of oxygen to the mixed 

25 liquor 15. 

Typically, denitrification often occurs more slowly than 
nitrification and can limit the overall rate of removal of nitrogenous 
compotmds in the process. It is preferred if the oxygenating bubbles 50 
are sufficient in combination with the scouring bubbles 32 (whose supply 
30 may be increased in the aerobic phase) to produce aerobic conditions near 
the membrane module 16 and bottom of the tank 12 but are insufficient 
to make all regions of the tank 12 become aerobic. In this way, the reactor 
10 does not cycle completely between aerobic and anoxic conditions, but 
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has an area in or near the centre of the membrane module 16 which is 
always aerobic and an area near the bottom of the tank 12 which is always 
anoxic. The use of the terms aerobic and anoxic thus indicate times or 
places in which the mixed liquor 15 is on average aerobic or anoxic. 
5 More precisely, however, there are primarily aerobic and primarily 
anoxic zones in the tank 12 which become larger and smaller relative to 
each other and some nitrification and denitrification occurs 
simultaneously. Since denitrification is the limiting reaction, the 
average size of the anoxic zone in time and space is preferably larger than 
10 the average size of the aerobic zone over the same time and space. 

To assist in controlling the oxygenating bubble supply 47, at least 
one sensor 60 is located in the tank 12 and connected to a microprocessor 
62 which controls the process air pump 52. Preferably, at least two 
sensors 60 are used, one above and one below the membrane module 16 
15 so that the change in size of the aerobic and anoxic zones as well as the 
change in their respective concentration of DO can be monitored. The 
sensors 60 record the concentration of DO in the mixed liquor 15 directly 
or, preferably, measure the oxygen reduction potential (ORP) of the 
mixed liquor 15. ORP is related to the concentration of DO but ORP 
20 sensors are more sensitive. 

Now referring to Figure 2, a control flow chart is shown which 
illustrates the process steps accomplished by the microprocessor 62 
reading a sensor 60 near the top of the tank 12 in controlling the process 
air pump 52. As illustrated, the time between the beginning and end of 
25 aeration is set between Tlmin and Tlmax. Tlmin is chosen to reflect ti>e 
minimum amount of time needed to achieve organic carbon and 
ammonia conversion should the organic load to the bioreactor increase 
excessively during the present step and is preferably between five 
minutes and two hours. Tlmax is chosen to limit the maximum aerobic 
30 time during low load periods so that adequate anaerobic time occurs and 
is preferably between ten minutes and eight hdurs. At the beginning of 
aeration, the microprocessor 62 sets a timer and begins to periodically 
check the level of ORP in the mbced liquor 15. If at any time greater than 
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Tlmin the microprocessor 62 detects a level of ORP of greater than 
ORPmax, then the microprocessor ends aeration. Preferably, ORPmax is 
between 200 an 250 mV. If Tlmax is reached, the microprocessor also 
ends aeration, 

5 The time between the beginning and end of non-aeration is set 

between T2min and T2max. T2min is chosen to provide a minimum 
anoxic time during low load periods and is preferably between five 
minutes and two hours. T2max is chosen to provide a maximum anoxic 
time during high load periods and is preferably between ten minutes and 

10 eight hours. At the end of aeration, the microprocessor 62 sets a timer 
and begins to periodically check the level of ORP in the mixed liquor 15. 
If at any time greater than T2min the microprocessor 62 detects a level of 
ORP less than ORPmin, then the microprocessor ends starts aeration. 
Preferably, ORPmin is between -50 mV and 50 mV. If T2max is reached, 

15 the microprocessor also starts aeration and the cycle is repeated. 

The choice of times for Tlmin, Tlmax, T2min and T2max 
obviously relate to each other and so the time given to any one 
parameter must be reasonable compared to the other parameters. For 
example, if times at the high end of the acceptable ranges are chosen for 

20 Tlmin and Tlmax, then times at the low end of the acceptable ranges 
should not be chosen for T2min and T2max or the system may be aerobic 
for too much time in any given period of time. Generally, higher time 
periods are preferable for systems with a high sludge age or hydraulic 
retention time and lower time periods are preferable for systems with 

25 lower sludge age or hydraulic retention times. Further, in many 
jurisdictions, limits on ammonia in the permeate are stricter than limits 
on total nitrogen since ammorua is a toxin. If so, then the parameters 
may be chosen to favour the aerobic part of the cycle as necessary. 
Finally, the minimum and maximum times may be chosen to reflect 

30 constraints imposed by system components. For example, Tlmin and 
T2min may be chosen to be greater than 15 minutes to reduce wear on 
the process air pump 52 from being switched on and off frequently. 



8NSOC3CIO: <WO. 



.00373egA1J_> 



- WO00£J7369 PCT/CA99/01205 

13 

At the start of either the aeration period or non-aeration period, 
the oxygenating bubble supply 47 is preferably controlled so that mixed 
liquor 15 does not instantaneously change from aerobic to anoxic. The 
change in concentration of DO in the mixed liquor 15 will naturally lag 
5 behind a change in the supply of oxygenating bubbles 50 since it takes 
time for oxygen to be transferred from bubbles to the mixed liquor 15 and 
time for the mixed liquor 15 to release or metabolize oxygen when 
aeration stops. For a given composition and temperature of mixed 
liquor 15, an oxygen uptake rate or outlet rate can be determined. If these 
10 rates are insufficient to get the desired time between anoxic and aerobic 
conditions in the mixed liquor 15, the microprocessor 62 can gradually 
decrease power to the process air pump 52 at the end of aeration or 
gradually increase power to the process air pump 52 at the start of 
aeration as needed. Ideally, there is a sinusoidal variation between 
15 anoxic and aerobic conditions, but it is sufficient if the change in 
concentration of DO occurs smoothly and over the minimum time 
period described above. 

In some combinations of effluent quality desired, biological 
loading rates, and membrane flux and recirculation patterns, an alternate 
20 control strategy may be required. For example, highly loaded systems, ie. 
systems with an organic loading greater than 3 kilograms of 5 day BOD 
per cubic meter per day of feed, may require continuous aeration through 
the process aerator 48 to avoid anaerobic conditions at the bottom of the 
tank 12 or may require that the supply of scouring air bubbles 32 be 
25 increased during the aerobic phase to provide additional oxygen transfer. 
Conversely, for very lightly loaded systems, the supply of scouring air 
bubbles 32 may be reduced during the anoxic phase. 

Preferably, the bioreactor is operated at a high concentration of 
MLVSS because it provides a high level of oxygen demand in the anoxic 
30 phase and assists in maintaining anoxic conditions despite the presence 
of scouring bubbles 32. A high concentration of MLVSS also allows a 
high organic loading capacity of feed and small bioreactor size. Further, a 
high concentration of MLVSS allows a high population of nitrifying 
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bacteria to be present whereas, in less highly loaded systems, the 
population of nitrifying bacteria may be unacceptably low at some times. 

Preferably, the average concentration of MLVSS ranges from 10 g/1 
to 30 g/1 and more preferably from 12 g/1 to 25 g/L This generally 
5 corresponds with an organic loading of feed between 0.3 kilograms of 5 
day BOD per cubic meter per day and 3.0 kilograms of 5 day BOD per cubic 
meter per day and more preferably between 0.5 kilograms of 5 day BOD 
per cubic meter per day and 2.0 kilograms of 5 day BOD per cubic meter 
per day. A drain pump 44 connected to a sludge outlet 45 and a drain 46 

10 allows a portion of the mixed liquor 15 to be continuously or 
intermittently discharged to maintain a desired and substantially 
constant suspended solids concentration in the mixed liquor 15. 

Preferably, the reactor 10 has a minimum hydraulic retention 
time of 1.5 hours and, more preferably, the hydraulic retention time is 

15 between 1.5 hours and 6 hours. The reactor 10 preferably has a 
minimum mean cell residence time of 7 days and maximum mean cell 
residence time of 100 days and is preferably operated with a mean cell 
residence time between 10 days and 30 days for good growth of nitrifiers. 
Although the embodiment shown in Figure 1 has two sensors 60, 

20 a large tank might have many sensors 60, many process aerators 48 and 
many membrane aerators 31. The microprocessor would then be used to 
monitor the concentration of DO or ORP throughout the tank 12 and 
control each process aerator 48 or membrane aerator 31 to prevent any 
area of the tank 12 from exceeding the minimum concentration of DO 

25 for an anoxic zone or the maximum concentration of DO for an aerobic 
zone. Alternately, the microprocessor 62 could create controlled aerobic 
areas and anoxic areas simultaneously in the mixed liquor 15. 

Additional inputs to the microprocessor 62 come from an 
ammonia sensor 70 and a total nitrate sensor 72 in the permeate line 24. 

30 The ammonia serisor 70 and total nitrate sensor 72 send signals to the 
microprocessor 62 indicating the concentration of ammonia and total 
nitrates in the permeate 26. This information is used to determine when 
the relative lengths of time for the aerobic or anoxic cycles must be 
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adjusted or when the minimum and maximum oxygen concentration 
hmits at any point in the tank 12 should be adjusted. For example, for 
higher than acceptable total nitrogen concentrations in the permeate 26, 
the maximum DO in the aerobic stage may be reduced or the rate of 
5 change between the anoxic and aerobic cycles may be decreased so that 
the concentration of DO stays closer to a lower, but still aerobic, value for 
a longer time period. For high ammonia concentrations in the permeate 
26, the reverse adjustments may be made. Ideally, for a particular 
installation, experience in using the reactor will suggest how the 

10 microprocessor 62 is best used to control the reactor 10 under varying 
conditions of feed water 13. 

Although the use of a process aerator 48 producing fine bubbles 
provides an efficient transfer or oxygen to the mixed liquor, the supply of 
scouring bubbles 32 can be used alone to vary DO concentrations between 

15 anoxic and aerobic conditions at different points in the reactor. 
Although more power would be required to produce the necessary 
transfer of oxygen to the mixed liquor 15 with large scouring bubbles 32 
and independent control over the concentration of DO in different areas 
of the tank 12 would be lost, the savings in capital cost of equipment and 

20 space may justify this approach in some cases. 

EXAMPLE 1 

A waste feed water treating reactor was constructed and operated 
25 according to the description above. The apparatus was operated for 16 
hours manually controlling the supply of fine bubbles from a process 
aerator to achieve average DO concentrations in the mixed liquor 
ranging from 0.05 mg/L to 0.55 mg/L in the anoxic phase (in various 
parts of the tank) and between 0,1 mg/L and 1.2 mg/L in the aerobic 
30 phase (in various parts of the tank). The tank had a volume of 11,000 L 
and was outfitted with a module of hollow fiber membranes having 13.9 
m2 of surface area. The reactor had a hydraulic retention time of 3 hours. 
The average concentration of MLVSS was approximately 20 g/L The 
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average organic loading of the feed was 13 kg of 5 day BOD per cubic 
metre per day. 

Figures 3 shows the ammonia levels in the feed and permeate 
during the experiment and indicates that the reactor was very effective in 

5 removing ammonia, particularly when average concentrations are 
considered as would emerge from a significantly large permeate tank. 
Figure 4 shows the total nitrogen levels in the feed and permeate during 
the experiment. The average concentration of total nitrogen remained 
below 10 mg/L which is the maximum concentration allowed in many 

10 jurisdictions. Figure 5 shows the concentration of dissolved oxygen 
during the experiment and shows that one area of the tank was 
continuously maintained in an anoxic state while another area of the 
tank cycled back and forth between anoxic and aerobic states. 

15 EXAMPLE 2 

A second waste feed water treating reactor was constructed and 
operated according to the description above including a microprocessor 
used to control the flow of fine air bubbles at the bottom of the tank based 

20 on signals received from an ORP sensor at the top of the tank. The tank 
had a volume of 2.0 m^ and was outfitted with a module of hollow fiber 
membranes having 13.9 m^ of surface area. 

Figure 6 shows the variation of ORE, concentration of DO and 
flow rate of aeration to a process aerator in a first trial. In this trial, 

25 ORPmax was 200 mV and ORPmin was near 0 mV. Figure 7 shows the 
variation of ORP, concentration of DO and flow rate of aeration to a 
process aerator in a second trial. In this trial, ORPmax was 250 mV and 
ORPmin was 50 mV. In both trials, the concentration of DO at the top of 
the tank was effectively cycled between a value less than 0.5 mg/L and a 

30 value above 0.5 mg/L. 

The concentration of MLVSS during the trials ranged from 15 g/1 
to 20 g/1 and averaged about 18 g/1. The organic loading in the feed 
varied from about 0.5 kg of 5 day BOD per cubic metre per day to 1.0 kg of 
5 day BOD per cubic metre per day. The average concentration of total 
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nitrogen in the permeate was again less than 10 mg/L and both total 
nitrogen and ammonia removal rates were at least 60%. 

EXAMPLE a 

A third waste water treating reactor was constructed and operated 
according to the description above, also including a microprocessor used 
to control the flow of fine air bubbles at the bottom of the tank based on 
signals received from an ORP sensor at the top of the tank. Except for a 
10 brief period noted on the Figures, the feed water had the following 
characteristics: 





Average 


Minimum 


Maximum 


Turbidity (NTU) 


156 


89 


278 


Suspended Solids (SS) (mg/L) 


146 


46 


531 


Total Nitrogen (mgN/L) 


51.4 


18.1 


66.4 


Ammonia (mg N/L) 


40.2 


12.9 


51 


pH 


7.5 


7.2 


7.7 


COD (mg/L) 


403 


151 


564 


Alkalinity (mg/L) 


347 


212 


414 



A module of hollow fibre membranes having 13.9 m2 of surface 
area was used with outside /in permeation driven by a vacuum pump. 

15 The tank had a volume of 2.0 m3. Permeation was substantially 
continuous, stopping only for periodic membrane backwashing. 
Scouring aeration was provided at all times with course bubbles af a rate 
of 12 m3/h. After a start up period of about one month, mixed liquor 
was discharged continuously from a drain to produce a sludge age 

20 (reactor volume/flux of waste sludge) of 25 days. Feed water was 
provided as required to keep the membranes immersed. A stirrer at the 
bottom of the tank was also operated at all times to provide more nearly 
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homogeneous conditions in the tank. Operating conditions in the tank 
were as follows: 





Average 


Minimum 


Maximum 


MLSS (mg/L) 


16 


12.8 


20.4 


Volumetric loading 
(KgCOD/m3/day) 


1.3 


0.6 


2.1 


Mass loading 
(KgCOD/KgSS/day) 


0.08 


0.04 


0.13 



5 Additional process air was provided intermittently based, after a 

start up period, on an algorithm as shown in Figure 2. A single ORP 
sensor was located about one third of the way down from the top of the 
tank. ORPmax was 200 mV and ORPmin was -50 mV. Tlmin and 
T2min were both 15 minutes and Tlmax and T2 max were both 120 

10 minutes. Figure 8 shows the variation of ORP, DO, oxygenating air flow, 
and nitrogen as NO3 over a fairly typical 24 hour period. The average 
characteristics of the feed water and permeate for this 24 hour period are 
as shown in Figure 8. The oxygenating air flow, when on, varied 
between 14 and 15 m^/h at standard conditions. 

15 Figures 9, 10 and 11 show the amounts of COD, NH4, NO3 and 

Total Nitrogen in the feed water and permeate over the duration of the 
test. Average COD removal was 96% resulting in daily averages of 
between 5 and 21 mg/L in the treated permeate. Total Nitrogen removal 
averaged 78% resulting in daily averages of about 10 mg/L in the treated 

20 permeate. Ammonia removal averaged 96%. 

As shown in the Figure 8, the oxygenating bubble supply was off 
for more than one half of the time while the reactor was in operation. 
DO measured at a signal DO sensor infrequently exceeded 0.5 mg/L and 
only rarely exceeded 2.0 mg/L. Nevertheless, the results of Figures 9, 10 

25 and 11 suggest that substantial rates of nitrification and COD digestion 
were achieved. According, the inventors believe that, despite mixing 
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forces, aerobic areas likely exist in the tank for substantial periods of time, 
including periods of time when a point reading suggests that the tank is 
anoxic. 

It is to be understood that what has been described are preferred 
5 embodiments to the invention. The invention nonetheless is 
susceptible to certain changes and alternative embodiments fully 
comprehended by the spirit of the invention as described above, and the 
scope of the claims below. 
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CLAIMS 

We claim: 

5 1. In a membrane bioreactor having: 

(a) a tank containing mixed liquor; 

(b) filtering membranes immersed in the mixed liquor and having 
permeate sides in fluid commimication with the mixed liquor only 
through the membranes; 

10 (c) a source of suction on the permeate side of the membranes 

operable to withdraw filtered permeate through the membranes; and, 

(d) a scouring bubble supply operable to provide scouring bubbles 
below the membranes to inhibit fouling of the membranes, 
the improvement comprising: 
15 (i) an oxygenating bubble supply operable to intermittently 

provide bubbles containing oxygen in the mixed liquor; 

(ii) a sensor to provide a signal indicating the level of oxygen 
reduction potential of the mixed liquor or a related parameter; and, 

(iii) a programable logic controller operable to receive the signal 
20 from the sensor and programmed to tum the oxygenating bubble supply 

on and off repeatedly so as to alternately create primarily anoxic and 
primarily aerobic conditions in a selected portion of the mixed liquor. 

2. The bioreactor of claim 1 wherein the programable logic controller 
25 is programmed to (A) turn the oxygenating bubble supply on for a period 
of time between a selected maximtun time and minimiun time, as long 
as the oxygen reduction potential or related parameter of the mixed 
liquor stays below a preselected upper limit, and (B) leaves the 
oxygenating bubble supply off for a period of time between a selected 
30 second maximum time and second minimum time, as long as the 
oxygen reduction potential or related parameter of the mixed liquor stays 
above a preselected lower limit. 
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3. The bioreactor of claim 2 wherein the maximum time, minimum 
time, second maximum time and second minimum time are chosen to 
provide periods of alternating nitrification and denitrification of the 
mixed liquor. 

5 

4. The bioreactor of claim 3 wherein the upper level of oxygen 
reduction potential of the mixed liquor is between 200 and 250 mV or a 
corresponding value of the related parameter and the lower level of 
oxygen reduction potential of the mixed Uquor or the related parameter 

10 corresponds with substantially anaerobic conditions. 

5. In a process for tareating waste water in a membrane bioreactor 
having the steps of: 

(a) feeding the waste water into a tank in which biological 
15 processes convert the waste water into a mixed liquor; 

(b) providing filtering membranes immersed in the mixed liquor 
such that the permeate sides of tiie filtering membranes are in fluid 
communication with the mixed liquor only through the membranes; 
and, 

20 (c) applying suction to the permeate side of the membranes to 

withdraw filtered permeate substantially continuously, 
the improvement comprising: 

(i) providmg scouring bubbles below the membranes throughout 
permeation to inhibit fouling of the membranes and create anoxic 

25 conditions in at least a substantial part of the mixed liquor; and, 

(ii) intermittently providing aerating bubbles in the mixed liquor 
to intermittently create aerobic conditions in at least a second substantial 
part of the mixed liquor so as to fascilitate nitrification and 
denitrification of the mixed liquor. 



30 



6. The process of claim 5 further comprising: 

(a) producing a signal indicating the level of oxygen reduction 
potential of the mixed liquor or a related parameter; 
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(b) providing aerating bubbles for a period of time between a 
selected maximum time and minimum time, as long as the oxygen 
reduction potential or related parameter of the mixed liquor stays below 
a preselected upper limit; and, 
5 (c) not providing aerating bubbles for a period of time between a 

selected second maximum time and second minimum time, as long as 
the oxygen reduction potential or related parameter of the mixed liquor 
stays above a preselected lower limit. 

10 7. The bioreactor of claim 6 wherein the upper level of oxygen 
reduction potential of the mixed liquor is between 200 and 250 mV or a 
corresponding value of the related parameter and the lower level of 
oxygen reduction potential of the mixed liquor or the related parameter 
corresponds with substantially anaerobic conditions. 

15 

8. The process of claim 5 wherein the bioreactor is operated at a 
concentration of MLVSS ranging from 10 g/L to 30 g/L. 

9. The process of claim 5 wherein the bioreactor is operated at an 
20 organic loading of feed between 0.3 kilograms of 5 day BOD per cubic 

meter per day and 3.0 kilograms of 5 day BOD per cubic meter per day. 

10. The process of claim 5 wherein the bioreactor has a hydraulic 
retention time between 1.5 hours and 6 hours. 

25 

11. The process of claim 5 wherein the bioreactor has a minimum 
mean cell residence time of 7 days and maximum mean cell residence 
time of 100 days. 

30 12. The process of claim 11 wherein the bioreactor has a mean cell 
residence time between 10 days and 30 days. 
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13. The process of claim 5 wherein the waste water is fed into the tank 
directly over the membranes. 
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